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SUMMARy 

The starting characteristics and caoibustlon performance of 50 per- 
cent magnesium powder In a hydrocarbon carrier were Investigated In a 
flight-type, 6. 5- Inch-diameter ram- Jet engine mounted In a connected- 
pipe facility. Starting disks , metal plates mounted in the combustion 
c h a mb er and blocking part of the bunaer area, were developed that provide 
quick, dependable starting of the *^g^r>p over the starting equivalence 
ratio range Investigated, 0.36 to 0.69. After the engine was started, 
the disk was e3q>elJ.ed to permit normal operation of the engine. One of 
the disks was expelled within 0.1 second after fuel-flow Initiation. No 
explosive starts were experienced. A flame-holder protection plate, 
designed to cover the cavity In the flame-holder mounting tube, permitted 
operation without flame-holder damage for test durations of about 20 sec- 
onds. The canbustlon tests were made with a short, 0.5- Inch fuel-air mix- 
ing length, because conibustlon instability was encountered In previous 
free-Jet tests with a longer mixing length. cooibuBtlon efficiency was 

above 77 percent for the equivalence ratio range from 0.5 to 1.0 B.nd 
reached a maximum of 81 percent at an equivalence ratio of 0.7. Tn- 
creases In Inlet-alr temperature from about 60° to 370° F caused Increases 
In combustor efficiency of 12 to 22 percent over the equivalence ratio 
range Investigated. 

Performance data obtained with the slurry system having the short fuel- 
air mixing length were conpared with performance data obtained In the free- 
Jet and flight tests of similar ethylene -fueled ram- Jet engines at the NACA 
La ng ley laboratory. Die slurry fuel provided over twice the fuel volume 
specific impulse j however, the fuel weigpit specific Inpulse was slightly 
higher for the ethylene fuel. An air specific Impulse of 187 seconds was 
obtained with the slurry fuel, while the maximum obtained with ethylene 
was 159 seconds. !Da the Langley flight- test vehicle, a greater fuel load 
and a greater thrust would be possible if the ethylene fuel were replaced 
by a m ag n e sium slurry. Therefore, .higsher flight speeds, hi^er altitudes, 
and longer fllgdit durations should be attainable with the slurry fuel. 
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INTRCOUCTION 

Ab part of a high-energy-fuela program.’ at the NACA Lewis laboratory, 
the combustion performance of a magnesium sltii^y was investigated in a 
6 . 5- inch-diameter ram-Jet engine mounted in a connected-pipe facility 
(ref. 1) . Ihe fuel consisted of 50 percent atomized magnesium powder 
"by weight suspended in a hydrocarbon carrier fuel. TSie slurry performajoce 
was compared with the performance of ethylene in free- Jet (ref. 2) and 
flight (refs. 3 and 4) tests of similar ram-Jet engines. As a result, 
appreciable performance gains were predicted for the slurry system over 
the ethylene-fueled, supersonic-flight vehicle described in reference 3. 

The slurry-engine combination is being preflight "tested in the free- 
Jet facility at the NACA Wallops Island, 'Virginia station. In the initial 
tests , flame holder and combustor failures were encountered because of 
intermittent comibustlon upstream of the flame holder. Since the two 
types of testing differed mainly in the method of air diffusion, the un- 
stable combustion In the free- Jet was believed to have been caused by a 
more Irreghtar velocity profile near the station of fuel injection than 
was present in the connected-pipe tests. In subsequent free- Jet tests, 

the fuel injection station was moved downstresua 3^ inches to a region 

with a more regular velocity profile. The combustion xipstream of the 
flame holder was eliminated; however, the shortened fuel-air mixing length' 
resulted In performance lower than that predicted from the connected- _ 
pipe tests for equivalence ratios greater l^n about 0.6.' Througl^ 
out these tests, the engine starting characteristics were erratic with 
the flare ignitor used In the connected-pipe tests. In addition, flame- 
holder life with stable combustion was considered marginal. 

The present investigation was directed, toward Improving the starting 
characteristics of the engine, increasing flame-holder durability, and 
increasing the combustion performance at hi^ equivalence ratios while 

using a fuel-air mixing lengrth 3g- Inches shorter than that reported in 

reference 1. A series of short combxzstion tests was conducted with a 50 
percent magjneslun slurry in a ram-Jet engine similar to that used in ref- 
erence 1 in a connected-pipe facility. A disk, blocking peurt of the 
burner area, was mounted In the combustion chafer as an engine -starting 
aid. The disk was designed to provide hi^ combustor pressures and low 
velocities downstreeun of the flame holder prior to ignition and then to 
fail from mechanical stresses at elevated temperatures shortly etCter ig- 
nition. Seven design variations of the starting disk were studied, and 
the effects of three fuel-distribution control-sleeve configurations on 
combustion performance are compared. Also, the effects of inlet-air tem- 
perature on performance and of a flame-holder protection plate on com- 
bustion performance and flame-holder durablilty are described. 
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FUEL Atm APPARATOS - 

Fuel . - The fuel ccmtalned. equal parts by welgjht of magnesium powder 
and a hydrocarbon fuel. An analysis of the hydrocarbon carrier, MIL-F- 
5624A grade JP-4 fuel. Is given in table I. Currently, only a limited 
amount of small-particle- size magnesium Is available; this material Is 
stored In drums and the purity of the powder varies from one drum to 
another. In order to coaserve the purer powder for prefllgjht and flight 
M testing, the powder used In this Investigation was obtained from those 

9 drums containing the greatest amount of Impurities. This material was 

made Into two 200-pound batches of slurry and representative samples of 
each batch were analyzed. In each case the purity of the powder was 
measured at 93 :tl percent. Thus, the ratio of actual -uncomhlned mag- 
nesium to magnesium plus hydrocarbon was 0.48, the stoichiometric fuel- 
air ratio was 0.1109, and the lower heat of combustion was 14,900 Btu 
per pound of magneslxm plus hydrocarbon. The slurry density Including 
impurities was measured at 1.05 grama per cubic centimeter, the same 
value as ccmputed for a 48-percent-pure magnesium slurry. The mean size 
of the nearly spherical powder particles was 1.5 microns as determined with 
a Fisher Sub-Selve Sizer. Because of the small powder size, the slurries 
were stable (apparently homogeneous) for over 24 hours, and for this in- 
V vestigation no stabilizing additives were required. 

Fuel system and ram- Jet installation . - A diagram of the fixel system 
is shown In figure 1. Fuel was supplied to the engine from a 2-cubic foot 
fuel tank pressurized with nitrogen. The rate of fuel flow was governed 
by the flow-restricting orifice located upstream of the fuel Injectors 
and by the controlled fuel-tank pressure. 'Tbe ma.TfiTninn fuel- tank pressure 
was 260 pounds per square Inch gage. 

A diagram of the ram- Jet Installation Is also shown in figure 1. 

The combustion air, from the laboratory air supply, was passed through a 
tube-type heat exchanger, metered, and then throttled by a remotely con- 
trolled butterfly valve. Die combustor shell was cooled by diverting a 
fixed portion (approx. 36 percent) of the combustion air through a 1/2- 
inch annulus between the shell and a cooling Jacket. The hlg^ external 
pressure of the cooling air on the combustor necessitated the use of four 
longitudinal reinforcement bars and a combustor shell thickness of 0.093 
Inch. !13ie cooling air recoinblned with the main i>ortlon of the combustion 
air In the Inlet plenum and then entered the engine. A 3-foot-long shroud 
was mounted on the ram-Jet diffuser lip In an effort to obtain a flat 
velocity profile at the entrance to the diffuser. TOie combustion products 
were discharged into the atmosphere Just outside the test cell. 

Ram- Jet engine . - A detailed description of the basic engine Is pre- 
sented in reference 3. A diagram of the engine, as modified for the pre- 
sent Investigation, is shown in figure 2. The dlff user-lip diameter was 
4.42 Inches. Qhe Inside dlamater and the length of the Inconel comibustor 
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were 6.5 and 19 Inches, respectively. The exhaust nozzle -was 6 Inches in 
diameter. 

The Inner hody of the basic engine of reference 3 vas modified Imme- 
diately downstream of the support struts to accomodate the slurry Injec- 
tor and the flame holder. A spring-loaded variahle-port-area Injector, 
having four longitudinal slots spaced 90° apart, is shown In figure 2. 

The piston area and the spring were designed to provide a pressure drop 
of about 50 pounds per square Inch across the fuel slots for the fuel- 
flow-range Investigated. An 0-rlng seal and silicone grease were used 
to prevent seizing of the piston. Atomization of the fuel was achieved 
by Impinging the fuel Jets on a cylindrical fuel-distribution control 

sleeve mounted In the air stream. The fuel slots were located 8^ Inches 

from the face of the flame holder (fig. 2) . 'Phft flame holder was composed 
of V-gutters and funnels (siurfaces of revolution of a cone), and it 
blocked 46 percent of the combustor cross-sectional area. The material 
used for the flame holder was 3/32-lnch- thick Inconel. Tbe aforementioned 
fuel Injector and flame holder gave the best performance of the several 
types tested during the development program described In reference 1; how- 
ever, the distance from the fuel Injection slots to ■tdie flame-holder face 
(fuel-air mixing length) was 12 Inches in the Investigation reported In 
reference 1. 

Ignition was provided by a maguesltmi flare 4 Inches long and 2 inches 
In d i a m eter with a nominal burning time of 20 seconds. 'Phe flare was 
cemented Into a l/l6- Inch-wall Inconel tiibe which fitted Into the flame- 
holder cavity (fig. 2) . The downstream (ignition) face of the flare was 
coincident with the downstream edge of the flame holder. 

Starting disks . - A total of seven design variations of starting 
disks of two general types were studied. The two types differed only in 
the location of the disk In the cooibustlon chainber and the method of 
mounting. Diagrams of both types- and a table listing the dimensions are 
shown In figure 3. The flame-holder-mounted disks, numbers 1, 2, 3, ^ n d 
4, were located near the center of the conibuBtlon chamber wnd were held 
In place by means of straps hooked over the funnel part of the flame 
holder. Tte nozzle-mounted disks were slipped edgewise In the nozzle at 
the disk flats, turned, and butted a galna t the upstream edge of the nozzle. 

A nozzle mounted disk Is shown In position In figure 2. 

Ins trumentat Ion . - I3ae combustion air flow was measured by a square- 
edge orifice conforming to A.S.M.E. standards. Die orifice differential 
pressure and the combustor static pressure at station 8 (fig. 2) were 
sensed by Statham pressure pickups and recorded continuously on a four- 
channel oscillograph. The frequency response of the electrical portion 
of the system was flat up to 25 cycles per second. However, for conven- 
ience, the combustor statlc-x>ressure tap and sensing element were phy- 
sically separated so that an appreciable time lag was noted In this 
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meastiremeiit . combustlon-alr-ori£lce upstream pressure was recorded 

at 2-eecond Intervals ty isesns of a pressure pickup and a self -'balancing 
■ potentiometer . 

[Ehe fuel-flow rate was metered by means of a rotating- vane flowmeter 
and an Indicating potentiometer. Qlhls measurement was checked with 
Bourdon gages which indicated the pressure drop between the fuel tank and 
a x>oint downstream of the restricting orifice (fig. 1) . 
u 

S [Che orifice and canhuator- inlet air temperatures were measured with 

a recording potent Icaneter at 12- second intervals. 


PROCEDUHE 

Q!he two fuel flowmeters and the pressure-recording equipment were 
subjected to a comprehensive callbraticm approximately every 6 runs. An 
additional check on the alr-orlflce and combustor pressures was prior 

to each run by obtaining steady-state data at several air flows a-nfl com- 
paring the record data to manometer and gage readings. Hhe absolute 
accuracy of the measured values IS believed to be within ^3 percent. 

The slurry was transferred to the fuel tank immediately after mixing 
by pressurizing the mixing barrel with nitrogen. Jja. order to ensure that 
the fuel In the tank was nearly homogeneous, the runs were usually made 
within 2 hours after filling the tank. If a greater period of time 
elapsed after the tank was filled, the fuel tank was removed from the 
apparatus and agitated on a barrel roller prior to the run. 

A small quantity of heated combustion air was passed throu^di the 
apparatus before each hlgh-lnl et-alr-tengerature run to permit the inlet- 
air ducting to approach eq.uUlbrlum tesperature. Pressure was applied to 
the fuel tank and the recorder- chart drives were turned on. In the fllg^i^t 
vehicle, the flare Is Ignited before Ihe vehicle Is launched^ therefore, 
the flare was Ignited at low air-flow rates In this investigation. Bie 
air flow was then rapidly increased to the starting condition, whereupon 
the fuel valve was opened. From this point, two procedures were followed: 
In the initial tests, emphasis was placed on the engine starting char- 
acteristics, and the fuel valve was turned off within 5 seconds after the 
start of the test. The fuel and air flows remained nearly constant 
throughout these tests. In the later tests, the air flow was changed in 
steps of about S-seconds' duration in order to cover a range of fuel-air 
ratios. The fuel flow changed slightly during the later tests because of 
a changing ccxabustor pressure. 

After the run, the fuel system downstream of the fuel tank was drained 
and flushed with gasoline. The flame holder and the fuel injector were 
removed, cleaned, and Inspected for material failure ar>ri oxide deposits. 
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DAIA REDUCTION 


In . order to allow as mucli time as possible for the combustor arid j±e 
Instrumentation to reach equilibrium before data were recorded, data 
points were chosen from the records at each air flow near the start of 
the next step air-flow change . 

The fuel performance was evaluated by coisputlng the air specific Im- 
pulse, fuel welEd^t specific Impulse, and fuel volume specific Impulse. 
These parameters express the total stream momentum per unit weight of 
air, per unit weight of fuel, and per unit . volume of fuel, respectively, 
referenced at the exhavist-nozzle throat for a Mach number of 1. They 
are defined by the following expressions ; 


Air specific Impulse 


Total stream momentum (lb) (sec) 
Air flow (/lb) 


Fuel wel^t specific impulse - 


Fuel volume specific Impulse 

= Fuel wel^t specific impulse X Fuel density 

Figure 7 of reference 1 shows a stralght-l^e relation between the total 
stream mcxnentum, determined by means of a thrust barrel, and the combustor 
static press\ire at station 8; the data scatter was less than :t3 percent 
of the mesin when the exit nozzle remained nearly free of oxide deposits. 
Since In the present investigation, the range of operating conditions and 
the fuel were similar to, and the combustor and the combustor static- 
pressure-tap location were Identical to those used In reference 1, the 
stream momentxim was conveniently determined by means of the measured 
combustor -exit static pressure. 



The combustor efficiency for each datum point was determined by 


Combustor efficiency (percent) 


Fuel- air ratio. Ideal 
Fuel-air ratio, actual 


X 100 


at constant air specific Impulse. An efficiency defined in this manner 
includes exit-nozzle efficiencies and the heat losses to the burner walls 
as well as the conibustlon efficiencies based on the enthalpy rise across 
the combustor. The Ideal values of equivalence ratio were obtained from 
references 6 and 7 for the proper inlet temperature and a combustor, pres- 
sure of 2 atmospheres. Because of the impurities in the magnesium powder 
used to prepare the nominal 50 percent . slurry, each pound of the fuel 
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actually consisted of 0.5 pound of JF-4^ 0.465 pound of magnesium, and 
0.035 pound of Impurities. This mixture Is egiilvalent to 0.965 pound of 
a 48 percent slurry and 0.035 pound of ln5>urltles. IQieirefore, to compute 
realistic combustor efficiencies. It ■was necessary to multiply the fuel 
flow rate hy a factor of 0.965 to obtain -the flow rate of the "pure fuel." 
It -was also necessary to use Ideal equl'Tslence ratios based upon alr- 
speclf Ic-ln^ailse da'ba for the actual uncomblned magnesium concentration, 

48 percent. These -two corrections affect the ccniputed combustor effi- 
ciencies In opposite directions, and the net effect Is -that 'the ■values 
reported herein are about 2 percent higher ■than -the ■values would ha've been 
If the fuel Impurities had been Ignored. 


HESCJITS MD DISCUSSIQir 
S'tartlng Characteristics 

The engine s'tartlng difficulties aicountered In the free-Jet tests, 
■which simulate fllght-'beet starting conditions , were probably caused by 
the use of hl^er air-flow rates and, therefore, conbustor velocities 
hl^er than those tised In the connected-pipe tests reported in reference 
1. In order to achle've -the hlgjher air flows In ■the present investigation 
with the a'vallable air s\ipply, low Inlet-alr teraperatiireB ■were used for 
■the Initial aeries of testa. Al'Khough the low Inlet temperatures do not 
simulate the flight-test s'tartlng condition, the resulting starting con- 
dition created a combustion environment which was as severe as could be 
achieved wl'th the existing test appara-tus and ■was adequa'te to determine 
■the beneficial effect of a s'teorbtng aid. 

The significant results of all ■the s'tartlng tests are presen'ted In 
■table II. The engine s-tarted ■without a s'tartlng disk In the first test, 
where ■the meoclmum air flow ■was 14.2 x>ounds per second and the Inlet-alr 
■temperat'ure, 300° F. In 'the second test, -the temperature ■was reduced toi 
135° F and the open-'throttle air flow ■was 18.4 pounds per second. Eie 
engine did not s-tart at this conditian 'wi'thout a s'tartlng aid. It ■was 
assumed ■that the engine ■would not s'tart wi'thout aid at combustor- Inlet 
conditions near, or more severe -than, -those of run 2. 

Flnme-holder- mounted s'tartlng disks . - S'tartlng disks 1, 2, 3, and 
4 (fig. 3) were fastened to -the flame holder by straps, and the disks -were 
axially located near -the central part of -the combustion chamber. Ihe 
central location -was. chosen in order to reduce the quantity of fuel In 
the combustion chamber at -the time of Ignition and thereby to reduce the 
possibility of e^qtlosl-ve s-tarts. A typical s'tart -with a flame-holder- 
mounted disk Is shown In figure 4(a) -which Is a photograph of -the orlflce- 
alr pressure differential dp and the combus-tor-exlt static-pressure 
traces. A possible criterion of engine s'tartlng Is -the time, required from 
fuel flow initiation (time zero) to the point -where the engine Is operating 
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at fxill thrust. Full thrust was assumed to he the point where the 
comhustor-exlt pressiore rose to the maximum steady state at the stGuctlng 
conditions. Since the exact point of full thrust or full combustor-exit 
pressure was difficult to determine because of the slope of the pressure 
trace, a more reproducible engine starting crlterlcm was the time required 
to achieve 90 percent of full thrust. Both the time to full thrust and 
the time to 90 percent of full thrust are listed In table II for the tests 
without a starting disk and for those with flame -holder-mounted disks. 

As Indicated In table II starting disks 1 and 2 (fig. 3) failed either 
at the straps or at the fastening between the straps and disks prior to 
Ignition during 3 of the 12 start tests. Hhe number of fasteners was^ In- 
creased for starting disk 3 and the starting aid provided satisfactory 
Ignition In four tests covering a range of equivalence ratios from 0.58 
to 0.69. The 69 percent blocked area of starting disk 3 was reduced to 57 
percent for starting disk 4, and essentially the same time to 90 percent 
and 100 percent full thzust was obtained for starting disk 4 as for 3. 

The starting results indicated that disks 3 end 4 wotild be satisfactory; 
however, the nature of failure of one of the flame-holder-mounted disks 
tested, disk 2, Indicated a potential hazErd In the iise of this t^e of 
starting aid. In this test the straps on only one side of disk 2 failed; 
this allowed the disk to flop over to one side of the combustor out of 
the active bximing zone. 55ie res-ultant combustor performance was low. 
during the entire 4-second-duratlon run presumably because of the skewed 
flow resulting from the lingering disk. Since there was no guarantee 
against the recurrence of this type of failure, exlt-nozzle-mounted disks 
were next considered. 

Exlt-nozzle-mounted starting disks . - The exlt-nozzle-mounted disks, 
numbers 5, 6, end 7, were held in place at the upetresun edge of the exit 
nozzle by the air forces. In the runs with nozzle-mounted disks, the 
combustor -exit presstire tap was. upstream of the disk rather than down- 
stream; therefore, the combtistor pressure upstream of the disk rose to a 
peak after Ignition then dropped to the steady-state full-tlirust value. 

The time from fuel-flow Initiation to disk expulsion, which occurred at the 
peak combustor pressure, was used as an engine starting criterion and Is 
listed along with the peak pressure for all tests .In table II. A. photo- 
graph of the combustor pressure and the orifice pres sure- drop traces 
during a typical start with a nozzle mounted disk Is shown In figure 4(b) . 

Disk 5 (fig. 3) was not strong enoug^h to resist the force of the air 
prior to ignition. Disk 6 was made thicker and of harder aluminum. Ho 
start failures were encountered with disk 6 In six tests covering a range 
of equivalence ratios from 0.36 to 0.57 and a range of air flows from 
13.1 to 18.7 pounds per second. The mi^innmi time required to expel disk 
6 In the six tests was 0.8 second. This time was not excessive but, in 
free- Jet or ■f Ug bt. teste, the required pesk combustor pressure would 
not be reached becaiise of diffuser buzz, and the time to expel a given 
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disk ml£^t be lacreased. Therefore^ disk 7 was' designed with, a thickness 
of 3/32 Inch Instead of the l/S Inch thickness of disk 6. This disk -was 
able to withstand air flows at least up to 18 x>ounds per second during 
a cold test and was expelled In 0.1 second during a start test (run 31^ 
table U) . No explosive starts were experienced throughout the Investiga- 
tion. 

Exlt-nozzle-mounted disks are recommended for the flight vehicle 
01 since their complete expulsion Is more certain than Is that of the flame- 

S holder-mounted disks. Disk 7 was expelled very rapidly after Ignition 

and yet had adequate strength to withstand the air flow forces antici- 
pated at the proposed fll^t starting conditions; this disk Is therefore 
recommended for the current flight vehicle. 


Comibuatlon Performance 

This part of the Investigation tos directed toward Improving the 
combustion performance of the slurry-fueled conibustor, developed In the 
Investigation reported In reference 1, by using a modified fuel-air mix- 
ing length of 8.5 Inches Instead of the 12- Inch length used In reference 
1. Because of the performance characteristics of the slurry fuel anfl the 
particular fll^t application proposed, emphasis was placed on Improving 
the rich performance, for example, perfoimiance at equivalence ratios above 
0.5. The requirements for the fll^t application were a comibUBtor that 
would exhibit higher thrusts (air specific Impulse) emd more desirable 
fuel consumption than the ethylene confcustar at the following conditions : 
ccaiibTis tor- Inlet pressure, 30 to 60 pounds per square Inch absolute; Inlet- 
alr temperature, approximately 350° F; exit-nozzle throat diameter, 6.0 
laches . Tbe resTilts of all tests In which coimbustloa was achieved are 
presented In table III, and the significant results are discussed in the 
following paragp:aphs. 

Oxide deposits . - The oxide deposits in these tests are slgpilflcant 
with respect to both projected fligjht performance and Interpretation of 
the performance data reported herein. Because the performance data are 
expressed In terms of air specific Impulse and are dependent upon the exit- 
nozzle area and nozzle pressure data, the combustor was carefully checked 
after each run. No deposits were found In the nozzle throat or blocking 
the comibus tor- exit static pressure tap and only thin scaly oxide deposits 
were found on the combustor walls. 


Effect of Inlet-alr temperature . - The effect of Inlet-air temperature 
on the comibuatlon efficiency of the comibustor configuration with a fuel- 
dlstrlbutlon control sleeve 2 tnches long and 4 Inches In diameter and a 


flame-holder protection plate Is shown in figure 5. Approximately 15 to 


20 percentage points in comibustlon efficiency were gained by increasing 
the comibustor Inlet-alr temperature from 63° to 367° F over the range of 


equivalence ratios Investigated. 
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Effect of flame -holder protection plate on flame-holder durability 
BTifl performance. - Hie flame -holder design IncoiTporates a flare momted 
in the rear of the centerhody. Cfbservations made in the investigation 
reported lA reference 1 and in the present investigation indicated that 
the failures which originated in the rear part of the flare-holder case 
a, rid the flame-holder mounting tuhlng progressed forward with a resultant 
failure to the flame-holder section. It was considered advisable to re- 
strict the open area at the end of the flere-holder tube in order to min- 
imize the recirculation of conflbustion products In the critical eu:«a. ^ 

This was atteinpted by the use of a flame-holder protection plate which g 

consisted of an Inconel cap containing a 3/4- Inch-diameter hole for the 
discharge of the flare flame. When the flame-holder protection plate 
was used in the short tests, 20 seconds or less, damage to the flame - 
holder section was negligible althou^ the p:rotectlon plate was burned 
away in all tests that exceeded 10 seconds. 

In the tests of about 25 seconds, damage to the flame holder was be- 
ginning as evidenced by declining performance level in the last few sec- 
onds of one of the tests. Examination of the canbustor after the test 
also Indicated the start of flame -holder damage. 33ie use of a flame- 

holder protection plate permitted "failure free" operation in the short , 

tests up to 20 seconds in duration. 

In the four tests made without a fl am e-holder protection plate at the 

low inlet temperatures, the performance was lower than in the tests ma^ 

with a protection plate (fig. 5). However, in the two tests with a pro- 
tection plate at the higher inlet ten®erature , the protection plate was 
burned away during the teste without noticeably affecting the performance. 

!Ehle indicates that performance is unaffected by the use of the protection 
plate at the high inlet temperatures which simulate fligdit conditions. 

Effect of fuel-distribution control-sleeve length and diameter . - A 
lose in performance at high equivalence ratios was experienced in the free- 
Jet tests when, in order to Improve combustion stability, the fuel-air 
mixing length was reduced from 12.0 to 8.5 Inches. Part of the loss was 
probably caused by the decreased length available for fuel spreading which 
in turn caused a fuel rich region near the flame-holder center. There- 
fore, the fuel- distribution control-sleeve dimensions were varied in an 
effort to regain the performance lost. Combustion efficiency is plotted 
as a function of equivalence ratio in figure '6 for three fuel-distribution 
control- sleeve configurations. For Idle 8.5-inch fuel-air mixing length, 
considerable increases in performance were achieved by reducing the 

control- sleeve length from 4i to 2 Inches; the largest gains occurred in 

w .... 

the low-equi valence-ratio region. Further i^rovements at the hijSher 
equivalence ratios resulted when the fuel-distribution control-sleeve 

diameter was increased from 4 to 4i inches. Both of these changes cause 
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the fuel to he dlstrlhuted further from, the flame-holder center. The com- 
hustor efficiency was above 77 percent for the equivalence ratio range 
from 0.5 to 1.0 anfl reached a TnaYlTmim of 81 percent at an equivalence 
ratio of 0.7. Hils performance is considered acceptable for initial 
fll^t tests. 

An absolute comparison of the effect of fuel-air mixing length is 
impossible because the combustor evaluated in reference 1, although slm- 
w liar to the ccmbiistor tested in this investigation^ had a different fuel- 

S air mixing lengthy flame-holder protection plate ^ and fuel. As previous - 

ly discussed, the effect of a flame-holder protection plate on combustion 
performance at an inlet-air tengjerature of approximately 340° F was neg- 
ligible. The fuel used In this investigation, althou^ of lower purity, 
was of smaller particle size than the fuel oised in reference 1 and, be- 
cause of the effect of particle size on the conibustiQn performance re- 
ported in reference 8, would probably be more reactive than the fuel used 
in reference 1. Conpariaon of the combustor efficiency curves presented 

in figure 6 for fuel-distribution control sleeves 4g' Inches long and 4 

Inches in diameter shows that a cpnalderable loss in performance results 
when the fuel-air mi wg length is reduced from 12 to 8.5 inches. The 
major part of this performance loss was recovered by reducing the control- 

sleeve length to 2 inches and increasing the diameter to 4i inches. 

Conparlson of Slurry and Ethylene Performance 

The performance of slurry fuel in the best configuration with the 
8. 5- inch fuel-air mixing length was conpared with the performance of ethy- 
lene fuel in free- Jet tests of a similar ram- Jet (ref. 2). The slurry 

performance was obtained from figure 6 for the 2-lnch-long, 4i-lnch- 

dlameter, fuel-distribution control sleeve. The diffuser was immersed in 
a supersonic air stream in the free- Jet tests, and this may have resulted 
in combustor- inlet velocity profiles different frcm those encountered in 
the present connected-pipe tests. VOTiations in velocity profile, by 
affecting the Tni-x-ing of the fuel and air, could Influence the combustion 
performance . diffuser-entrance and nozzle- throat diameters for the 

ethylene tests were 3.96 and 5.75 inches, respectively, as conpared to 
4.42 6.0 for the slurry tests. Consequently, the conibustor velocities 

associated with the ethylene data were lower than those reported for the 
slurry tests. 

Comparison of fuel weigjht and air specific inpttlse data . - Fuel 
weight specific inpulse is plotted against air specific Impulse for slurry 
and for ethylene fuels (fig. 7(a)). The ideal performance data for the 
slurry and octene-1 fuels were obtained frcm reference 6 and for ethylene 
frcm reference 9. Over the range of alx specific Impulse obtained with 



ethylene, the fuel, weigfht specific impulse of ethylene vas greater than 
that of the slurry. However, the experimen't^al curves tend to converge" 
as the fuel-air ratio was increased. At an air specific impulse of 159 
seconds, which was the maximum obtained with ethylene, the fuel weight 
specific impulse of the ethylene and the slurry were 2350 and 1950 sec- 
onds, respectively. In short-range-flight applications, the fuel weight 
represents a very small fraction of the total vehicle weight the lower 
fuel weight specific Impulse values obtained at low thrust levels is 
therefore of secondary importance. The thrust determines the attainable 
flight speed and altitude; the hl^er thrust levels obtainable with slurry 
fuel is therefore of primary ingportance. The slurry fuel permitted oper- 
ation tip to an air specific ingpulse of 187 seconds. 

Contpso^ison of fuel volunift and air specific impriifte data . - Fuel vol- 
ume specific impulse, which is a measure cf the volume of fuel consumed, 
is presented on figure 7(b) as a function of the air specific impulse. A 
density of 18.3 pounds per cubic foot was used for the ethylene volume 
impulse computation. This density was obtained when the fllgdit fuel tank 
was pressurized to 1200 pounds per square inch. Tte fuel volume specific 
Impulse of the slunry was 2.6 and 2.9 times that of ethylene at air spe- 
cific Impulses of 140 and 159 seconds, respectively. At air specific im- 
pulse values of 150 to 170, the experimental fuel volume Ispulse of the 
sltjrry was about 10 percent lower than the idecQ. volume Impulse for 
octene-1. 

The fuel volume specific Impulse is a significant parameter when 
applied to vehicles that have a small ratio of fuel wel^t to gross vehi- 
cle welfih’t* For example, the Langley flig^it vehicle had an ethylene fuel 
to gross wei^t ratio of 0.1. Hence, a large Increase In volume specific 
fuel consumption can make possible a correspondingly large increase In 
fuel loeid with only a small Increase in vehicle gross wel^^t. 


SUMMARY OF RESULTS 

1. The results obtained with a 50 percent magnesium slurry fuel in 
a flight type, 6. 5- inch-diameter ram- jet engine in a connected-pipe 
facility are as follows: 

a. Starting disks, mounted in either the central or exit sta- 
tions in the combustor, provided quick, dependable starting of the 
engine over the equivalence ratio range investigated, 0.36 to 0.69. 
A disk mounted in front of the exit nozzles was expelled within 
0.1 second after fuel flow initiation. No explosive starts were 
experienced. 


b. A flame-holder protection plate which covered most of the 
flare-holder. tube cavity prevented damage to the flame holder during 


NACA BM E53K05 


13 


tests of 20 seconds' duration or less. Sll^^t damage occurred In 
tvro tests of longer duration. Without the protectlGu plate, appre- 
ciable flame-holder damage occurred during a test duration of 3 
seconds . 


c. A short, 8. 5- Inch fuel-air mixing length was used In order 
to eliminate the Intermittent combustion upstream of the flame 
holder which had been escperlenced In previous free- Jet tests of the 
engine. The short mixing length resulted In an appreciable decrease 
In combustion efficiency frcaa values previously achieved with a 
longer mixing length. The greater part of this performance loss was 
recovered, however, by redesigning the fuel-distribution control 
sleeve. The combustor efficiency for the best conflg\iratlon with 
the^ 8.5-lnch mixing length was above 77 percent for the equivalence 
ratio range from 0.5 to 1.0 and reached a maximum of 81 percent at 
an equivalence ratio of 0.7. 

Q d. An Increase in average Inlet-air tei^perature from 63° to 
367 F Increased the combustor efficiency from 56 to 78 percent at 
an eq.ulvalence ratio of 0.5, and the Increase was from 58 to 70 per- 
cent at an equivalence ratio of 1.0. 

2. The following results compare the performance of the slurry fuel 
in the short, 8.5-lnch fuel-air mixing length with that of ethylene fuel, 
both evaluated under similar conditions. The ethylene data were obtained 
from free-Jet teats of a ram-Jet engine designed for a flight-test vehi- 
cle at the NACA Langley laboratory. 

a. The fuel volume specific Impulse of the slurry was 2.6 and 
2.9 times that of ethylene at air-spec If Ic-ligpulse values of 140 and 
159 seconds, respectively. 

b. The maximum air specific lngmlse obtained with the slurry 
and with ethylene were 187 and 159 seconds, respectively. 

c. Tlie fuel weight specific Impulses of ethylene and slurry 
fuels were 2350 and 1950 seconds, respectively, for the maximum air 
specific Impulse obtained with ethylene, 159 seconds. 


COHCLOSICaSS 

A starting disk was developed which Is recommended for use In a pro- 
posed NACA Langhey flight-test vehicle. The disk provided reliable 
starting of the engine and was expelled rapidly after Igpiltlon. 

In the Langley fll^t-test vehicle, a gpreater fuel load and a greater 
thrust would be possible if the ethylene fuel were replaced by a magpaesium 
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slurry. Therefore, higher fll^t speeds, Sjltitudes, and longer fllgjht 
durations should he attainable with the slurry fuel. 

Lewis Fllgsht PropTilslon Laboratory — 

National Advisory Coimalttee for Aeronautics 
Clevelsnd, Ohio, November 9, 1953 
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TABLE I. - ANALYSIS CF HYDROCARBON CARRIER FUEL 


Fuel properties 

MHi-F-5624A grade JP-4 

A.S.T.M. distillation 086-46, °P 


Initial Taolllng point 

140 

Percent evaporated 


5 

199 

10 

222 

20 

248 

30 

268 

40 

286 

50 

300 

60 

325 

70 

348 

80 

382 

90 

427 

95 

459 

Final boiling point 

488 

Residue, percent 

1.0 

Specific gravity 

0.768 

Reid vapor pressure, Ib/sq. In. 

2.5 

Bylrogen-ceurbon ratio 

0.167 

Net beat of combustion, Btu/lb 

18,675 
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XABIB n. - SUMIABr ca SSJBSJSa aSSOB tor e.S-nCE-DIAtffilER IUU(-JBT ERaUB 
[^urry: 50 pei^ent nagoeatimt powdjer In N]^JP-5624>A grade JP-4 fua^ 


Run Dial: Italet- Conlbufl- Eq.ulva- Time to Time Peak 

air tlon lenob paroent of to oombuatoar- 

t«q»- air ratio full throaty uqpal . exit 

erature^ flow, aao atart atatla 

Ib/aeo ~~ d.lakj preaaure, 

90 100 aao. Ib/aa in. 

alia 


1 Rona 300 li.R 0.68 

2 Hona 155 IB.i .55 
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TABLE III. “ SUMMARY OP COMBUSTION DATA FOR 6. 5- INCH-DIAMETER RAM- JET ENGINE 


[slurry; 50 percent magneeluin powder In MIL-P-5624A grade JP-4 fuel] 
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riffore 1. - Ologm of foal mtea and nn-Jat engtoa Inata nation 


CJ-5 ^«ak 


3C 


Flslm diow In 
ntraotad poBltlaa-) 

Bpanar- 



Bslnforalng Iwra, ^ced B0° apart 


loKEln-aountad rtartln^ disk-. 


Igoltlon vires 


6.B 


Tlaaa-lioldsr cast 
Tiara eaaa 

Tnal-Uatrlbutloii oontrol sleeva 


Coidniator^axlt static 
praaaure tap 


fl iq i p ort flange 




Bafiaraiiee 



TlaBB^holOar detail 


ngora e. - Ba»-Jat angina 





Dlak 

A 

B 

c 

B 

Humber of 
fasteoers 

Disk 

material 

Blooked 

area, 

percent^ 

1 

2 

6 

1 

16 


2 

A A152B 

69 

2 

2 

6 

5 

sS 

— 

2 

■is" A1 528 
32 

69 

3 

2 

10 

3 

32 

— 

4 

V ft 

-L A1 52S 
5Z 

69 


3 

10 

3 

35 


4 

J." A1 24S-T 
32 

A152S 

57 

5 

- 

— 

4 

- 

62 

6 

- 


— 


- 

i" A1 248-0! 
8 

48 

7 

- 

— 

— 

4l 

2 

- 

A1 248-0! 
32 

48 


^Percent of combustor area. 


Figure 3. - Dlagrasis of starting dlslss. 
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Figure 5. - Effect of Inlet-alr teiq>erature and flame-holder protection plate 
on combuator performance. Fuel, 50 percent magnesium In HIL-F-5624A grade 
JF-4} fuel-dlstrlbutlon control sleeve, 2 Inches long and 4 Inches In diam- 
eter; fuel-air mixing length, 6.5 Inches. 
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rigure B. - srrect or rocl-aumuracioii control-' Bleeve length and dlaaetw on ccwiBiiar pwicuL'annce. 
fuel, 50 parcent ngnaaltai In KrL~7- 5654A grade JP-4. flnqs-lioldw urotectlon plate Ineoitporatad. 
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(a) Fuel wel^t specific Impulse as function of air ^eclflc Impulse. 

Figure 7. - Cosgicn^lson of lnqiulse Sata for tbree fuels. Combustor- Inlet 
stagnation tei^erature, 550° F} sonic dlscbarge of eiCbaust products. 
Experimental slurry data obtained fr o m run 51 of figure 6 and experimen- 
tal etbylene data obtained from reference 2. 
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(b) ?uel Tolune specific Iji^iilse as function of air ^eclflc 
la^ulse. 

Figure 7. - Concluded. Conparlson of liqpulse data for three fuels. 
Coanbustor-lnlet stagnation ten^eratinre, 550° F; sonic discharge 
of ejdiaust products. SsiperlmKital slurry date obtained from 
run 51 of figure 6 «nd experimental ethylene data obtained from 
reference 2. 
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